In contrast to word-level skills, the neural basis of sentence comprehension in children with reading difficulties is not well understood. Using magnetic source imaging, we investigated the spatiotemporal dynamics of regional activity associated with silent passage reading in nonimpaired and students with reading difficulties. The latter exhibited underactivation of the temporoparietal and visual cortices, bilaterally, and of the left posterior cingulate region. Late activity in left temporoparietal and ventral occipitotemporal regions was found to be a significant predictor of individual reading ability in nonimpaired, but not in students with reading difficulties. These findings support the notion that reduced temporoparietal activation during word reading in context, is a hallmark of the functional deficit in reading disability. NeuroReport
Introduction
It is well-established that poor word-level skills, namely phonological decoding and word recognition, form the core deficits in the most common type of reading disability [1] . Nevertheless, the ultimate goal of reading instruction is for students to develop adequate text comprehension skills which bear, at least conceptually, a stronger predictive relationship with overall academic achievement and subsequent professional success, in relation to word-level reading skills [2] . Importantly, the majority of children experiencing reading difficulties at word-level reading skills also exhibit reading comprehension difficulties [3] . Only recently, however, have brain imaging studies investigated signs of aberrant brain function during text comprehension tasks in students with reading difficulties. In particular, functional MRI (fMRI) studies have reported reduced degree of hemodynamic activity in the left superior temporal, left sensorimotor, and right supramarginal regions [4] , and also in the left inferior parietal, middle temporal, and medial and superior frontal areas [5] during reading of connected text in students with reading difficulties. Others have reported trends in the opposite direction, with reading impaired students exhibiting greater activity in the left middle and superior temporal gyri (STG), insula, and the right temporal, inferior parietal and postcentral regions [6] .
The disparity among fMRI studies of sentence comprehension associated with reading difficulties may be attributed to methodological differences, including the mode of presentation (one word at a time compared with the whole sentence) known to affect the distribution of hemodynamic responses, even in skilled readers [7] . Here, we applied magnetoencephalography (MEG), to investigate the spatiotemporal dynamics of regional activity associated with comprehension of words in context, controlling for word-level reading skill of the participants by titrating the readability level of printed passages based on word reading efficiency scores. Specifically, we predicted that struggling readers would show reduced late activity (i.e. after 200 ms poststimulus onset) in regions known to be involved in decoding and word recognition, and in brain areas hosting neurophysiological processes supporting verbal working memory and visual attention. Furthermore, given the close relationship between word-level reading skills (word reading fluency and spelling) and text comprehension, we predicted that within group variability in the degree of late activity in these regions would be a significant predictor of individual reading ability.
Materials and methods

Participants
The target group consisted of 22 struggling readers scoring at or below the 16th percentile (standard score of 85) on the basic reading composite (average of Word Attack and Letter-Word Identification subtest score of the Woodcock-Johnson-III [8] . A second group of 22
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children, who had never experienced difficulties in reading, served as the comparison group (Z 94 on the Basic Reading Composite). All 44 participants had full-scale IQ scores higher than 80 on the Wechsler Abbreviated Scale of Intelligence [9] . None of the participants had a history or current diagnosis of attention, hyperactivity/impulsivity problems as indicated by T scores on the Attention Problems scale of the Child Behavior Checklist [10] below 55 or a score lower than 1.6 on the Inattention and Hyperactivity-Impulsivity scales of the SNAP-IV [11] indicating low risk for ADHD [12] (see Table, Supplemental Digital Content 1 http://links.lww.com/WNR/A142 that shows the behavioral and demographic profiles of study participants). The study was performed in accordance with the Declaration of Helsinki and approved by the Institutional Review Board. All participants provided informed consent and were financially compensated for their time.
Procedure
Each participant was tested on a silent passage reading task, involving a 300-word passage, presented one word at a time at a constant rate of one word/700 ms (without a blank interval in between). A blank screen presented for 1.5 s indicated the end of each period. Participants were asked to 'read each word carefully without sounding them out to understand what the passage says and press a key when they read a word that did not fit with the rest.' There were 40 semantically incongruous words in each passage, but only data associated with semantically appropriate words are reported here. Three different passages were created varying in readability (word length and frequency) and were matched to each participant's word reading efficiency score. Stimuli were presented through an LCD projector at the center of a backprojection screen located approximately 60 cm in front of the participant, and subtended 1.0-3.01 and 0.51 of horizontal and vertical visual angle, respectively.
MEG data acquisition and analysis
MEG recordings were obtained with a whole-head neuromagnetometer array (4-D Neuroimaging, Magnes WH3600, San Diego, California, USA) equipped with 248 first-order axial gradiometer coils and housed in a magnetically shielded chamber. The magnetic flux measurements were digitized at 290 Hz, filtered off-line with a bandpass filter between 0.1 and 20 Hz and subjected to a noise reduction algorithm that is part of the 4D-Neuroimaging software. The single-trial event-related time series were averaged after excluding those containing eye movement or other myogenic or mechanical artifacts.
The intracranial origin of evoked fields was analyzed using a minimum norm estimate (MNE) model to obtain estimates of the time-varying strength of intracranial currents (MNE Software, v. 2.5; http://www.nmr.mgh.harvard.edu/ martinos/userInfo/data/sofMNE.php), and described in detail elsewhere [13] . Estimated current sources were anatomically constrained by a high-resolution T1-weighted MRIderived surface model of each participant's brain. A fully automated cortical surface reconstruction procedure was used to generate a single-compartment boundary element model with triangular tessellations. Each vertex of the brain surface was treated as a potential current dipole perpendicular to the cortical surface during the forward calculations. The inverse solution was subsequently reduced to obtain an estimate of the scalar distribution of dipole strength across current sources within orientation-specific cortical patches of vertices.
Data analyses
MNEs of current amplitude waveforms were first obtained for each predetermined region of interest (ROI), using the automated gyral-based labeling system of Desikan et al. [14] implemented in the Freesurfer software [15] . On the basis of previous reports on the cortical areas that constitute major components of the brain mechanism for reading in children [16] [17] [18] , the following ROIs were examined (in both hemispheres): STG and middle temporal gyri (MTG), supramarginal gyrus (SMG), angular gyrus, inferior frontal cortex, rostral middle frontal cortex, and fusiform gyrus (FFG). On the basis of some reports of significant activation in the cuneus (CUN) and posterior cingulate cortex (pCNG) associated with reading in context, activation in two of these ROIs was also estimated [19] . For each 4 ms time point, a current estimate measure for each voxel was used to compute the two dependent measures used in the analyses outlined: (a) the average current across all voxels defining each of the ROIs listed above and across all of the 4 ms time points comprising three successive 150-ms time bins (50-200, 200-350, and 350-500 ms); and (b) the latency (in ms after stimulus onset) when averaged current reached peak amplitude within the entire recording epoch. This approach aimed at determining if reading group differences in the degree of regional activity were time-dependent and hemisphere-dependent, and identifying ROIs and time bins where activity correlated with measures of reading ability.
Statistical analyses
Preliminary analyses indicated that group differences (with typical readers showing greater degree of activity) were present as early as between 0 and 50 ms after stimulus onset [as indicated by a Group main effect, F(1,42) = 6.95, P < 0.01]. In order to correct for group differences in peristimulus activity, current estimates in all time bins between 50 and 500 ms were adjusted by subtracting the average current during 0-50 ms (to ensure that no stimulus-evoked activity was included) in the corresponding ROI for each participant. The average, adjusted current for each 50 ms time bin and each ROI was then submitted to an analysis of variance (ANOVA) with Area (9), Hemisphere (2), and Time bin (3) as within the subject variables, and Group served as the between subjects variable. Significant interactions involving Group (e.g. Time Â Area Â Group) were further evaluated by examining lower-order interactions (e.g. Time Â Group or Hemisphere Â Group) which, if significant (at a Bonferroni-adjusted a level of 0.006), were explored by testing Group simple main effects at each hemisphere or time bin. All ANOVA results were evaluated using the Huynh-Feldt method as a precaution against inhomogeneity of variance problems.
The second set of analyses consisted of partial correlations between reading measures and peak latency or average current in each ROI and time bin. Age and verbal IQ were entered in these analyses as covariates.
Results
Although groups differed, as expected, on the rate of correct responses to target (semantically incongruous) words, we did not observe floor effects among students with reading difficulties ensuring that all participants maintained adequate recognition and comprehension of the sentences. Response rates were 82 ± 10 and 71 ± 14% for the control and experimental groups, respectively (P < 0.01).
The omnibus ANOVA on the degree of activity data revealed a significant Time Â Hemisphere Â ROI Â Group interaction. Three-way ANOVAs carried out at each ROI revealed significant interactions involving Group in SMG, controlling for age [F (1,41) = 10.01, P < 0.003, Z 2 = 0.18]. The main finding was bilaterally reduced degree of activity for struggling readers in this region between 200 and 500 ms after the onset of each word in the passage. Similar trends in pCNG (more apparent in the left hemisphere, P < 0.008), CUN (P < 0.007), and MTG (P < 0.019) approached significance throughout the epoch. These results are displayed graphically in Fig. 1 .
Correlation coefficients were computed between estimates of neurophysiological activity for each latency bin and ROI and each of the three achievement measures. These analyses were carried out separately for each group of children and evaluated at P < 0.01. As an additional precaution against potentially spurious, statistically significant correlations, activity in a particular ROI was considered to be associated with achievement only if correlation coefficients were higher with WJ-LWID than with verbal or performance IQ.
Significant positive correlations for typical readers were obtained between WJ-III Letter-Word Identification scores and degree of activity in left hemisphere temporoparietal and ventral occipitotemporal regions (STG, MTG, SMG, and FFG between 50 and 350 ms). Correlations with spelling (r < 0.50) and WJ-III Word Attack scores (r < 0.30) were generally smaller and failed to reach significance. For the group of struggling readers, none of the correlations were significant (r < 0.30 in all cases).
Each of the MNE estimates of activity listed in the previous paragraph were entered as independent variables in a series of multiple regression analyses (see Table, Supplemental Digital Content 2 http://links.lww.com/WNR/A143 that shows the behavioral and demographic profiles of study participants). The dependent variable in each of these analyses was Letter-Word Identification score. Age was always entered in the first step of the analysis, degree of activity measures in the second step, and peak latency measures in the third step of each model. For typical readers degree of activity in left posterior temporal cortices (STG, MTG, STG, and FFG) accounted for 30% of the variance in Letter-Word Identification scores [R 2 = 0.30, F(4,36) = 4.30, P < 0.006]. Entering verbal IQ in the first step along with age did not affect the overall regression results nor the individual beta weights of the remaining independent variables. The prediction models for Word Attack scores were not significant. For the students with reading difficulties prediction models for each of the three achievement measures did not reach significance (P > 0.2 in all cases).
Discussion
Using MEG, we investigated brain activation profiles associated with silent reading of words comprising short passages in a group of struggling readers and a comparable group of typical readers, using a paradigm that balanced demands for phonological decoding and word recognition between groups. The most pronounced group differences featured underactivation of the temporoparietal cortex (SMG) bilaterally, in students with reading difficulties relative to nonimpaired students. Given that reduced activity in SMG is typically noted in the context of phonological decoding tasks [20] , and seems to be affected by the explicit phonological processing demands of the activation task, this finding most likely reflects impaired engagement of the corresponding circuit in poor readers. In addition, a tendency toward reduced activity in MTG, an area closely linked to lexical/semantic processing [21] , was also found here and in the context of a word recognition task [22] . Notably, these recent MEG studies [20, 22] involved larger but overlapping samples, which included the participants of this study, permitting direct comparisons across studies. Failure to identify loci of brain activity that were positively associated with reading performance in children with reading difficulties (e.g. [20, [22] [23] [24] ) may reflect underdeveloped functional organization of cortical networks to support reading. Another contributing factor may be the restricted range of achievement scores and reduced score variance suppressing the value of correlation coefficients.
We observed two additional sites of underactivation in students with reading difficulties, namely the CUN and the pCNG. Importantly, both these areas are frequently reported as activation sites regardless of whether the task involves reading or not (e.g. [25] ), presumably reflecting engagement of circuits responsible for general cognitive functions, such as attention and orientation. This finding is in agreement with the notion that print-independent cognitive functions are linked to normal development of reading comprehension, in addition to word-level reading and language skills. These include language skills (morphosyntactic awareness and vocabulary), working memory, inferential ability, and other related executive functions, such as attention control [3] . On the basis of these data and the lack of previous related findings, we cannot conclude, however, whether these effects reflect a true functional deficit in reading difficulties or if they are secondary to a breakdown in print-related cognitive functions and related neural circuits.
Brain-achievement associations may shed some light on the potential role of these regions within the brain circuit normally responsible for reading comprehension (given that significant correlations were restricted to nonimpaired readers). In addition to the left SMG and MTG, increased degree of activity in the left STG and FFG in response to words in context was associated with higher word recognition abilities. Importantly, these regional brainachievement associations were stronger for word reading than for pseudoword reading or general verbal ability tests. The profile of brain-achievement associations is, therefore, consistent with a role of these temporoparietal and ventral occipitotemporal cortices in lexical/semantic processing of print [22] . Notably, when contrasting activations associated with sentence reading to a simple fixation condition, several additional areas may show significant hemodynamic activity, including ventral occipitotemporal cortex [17] .
Conclusion
The similarity between current and previous findings of reduced temporoparietal activation during the processing of words and pseudowords out of context, highlights the importance of activity in this cortical region as a hallmark Time course of neurophysiological activity associated with reading words in text in the supramarginal gyrus (SMG) in which significant group differences were found. Nonsignificant trends (P < 0.007) in the same direction (with typical readers displayed greater degree of activity) were also noted in the cuneus (bilaterally) and in the left posterior cingulate gyrus. NI, nonimpaired; pCingulate (LH), left posterior cingulate region; RD, reading difficulties.
Neural correlates of sentence reading in RD Simos et al. 677 of the functional deficit in reading disability. Furthermore, the positive association between degree of activity in this region and measures of word reading accuracy is generally consistent with the established role of wordlevel reading skills for text comprehension. This does not, however, preclude the possibility that the temporoparietal region is not additionally involved in syntactic processes or even verbal working memory.
